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Abstract: The combined action of the pyroelectric (PY) and photovoltaic (PV) effects, 
exhibited by z-cut LiNbO3:Fe substrates, has been investigated for particle trapping and 
patterning applications. The novel hybrid procedure provides new possibilities and versatility 
to optoelectronic manipulation on LiNbO3 substrates. It has allowed obtaining periodic and 
arbitrary 2D patterns whose particle density distribution is correlated with the light intensity 
profile but can be tuned through ΔT according to the relative strength of the PV and PY 
effects. A relevant result is that the PY and PV contributions compete for a ΔT range of 1-20 
°C, very accessible for experiments. Moreover, the synergy of the PY and PV has provided 
two additional remarkable applications: i) A method to measure the PV field, key magnitude 
for photovoltaic optoelectronic tweezers. Using this method, the minimum field needed to 
obtain a particle pattern has been determined, resulting relatively high, E~60 kV/cm, and so, 
requiring highly doped crystals when only using the PV effect. ii) An strategy combining the 
PY and PV to get particle patterning in samples inactive for PV trapping when the PV field 
value is under that threshold. 
© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 
1. Introduction 
Nano-object manipulation methods constitute nowadays a very active research topic with 
relevant applications in nanotechnology, photonics and biomedicine [1–3]. Specifically, 
particle manipulation and trapping methods based on the properties of ferroelectric crystals 
have been recently proposed and demonstrated. A main technique, the so-called photovoltaic 
optoelectronic tweezers (PVOT) [4,5], is based on the bulk photovoltaic effect (PVE) 
exhibited by certain ferroelectrics when suitably doped (notably by Fe doped LiNbO3) [6]. 
When these crystals are illuminated high electric fields are generated inside the material in 
accordance with the illumination patterns [7]. The induced fields extend into the surrounding 
space around the surface of the crystal (evanescent fields) and allow for particle manipulation 
via electrophoretic (EP) or dielectrophoretic (DEP) forces [5,8] and references therein. The 
initial experiments were carried out with x- or y-cut crystals, i.e. with the active surface 
parallel to the crystal polar axis [9–11]. More recently, nanoparticle (NP) trapping in z-cut 
crystal (polar axis normal to the active surface), with remarkable advantages for 2D 
patterning, have been reported [12,13]. However, some key parameters of this configuration 
such as the evanescent electric field, responsible for EP or DEP trapping, are not 
characterized so far. In particular, the possible existence of a threshold field value for 
dielectrophoretic trapping is still unclear [12,14]. Nevertheless, this latter configuration of 
PVOT have found numerous applications in the field of photonics [15], optofluidics [16,17], 
plasmonics [18] or biotechnology [19]. Another particle manipulation technique based in 
ferroelectrics uses the pyroelectric effect (PYE) that generates electric fields in pure or doped 
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LiNbO3 [20,21] associated to the modification of the spontaneous polarization caused by 
temperature changes [22,23]. Particle patterning using PY fields is less flexible than in the 
previous case, but it is also possible by domain inversion engineering [20,21] or by using 
infrared spatially modulated irradiation [24]. 
Although previous works have considered separately, either the PVE or the PYE, for 
doped lithium niobate crystals both effects can appear simultaneously, and should, indeed, 
reinforce or modify the trapping patterns achieved by illumination. It is expected that this 
interaction present synergetic advantages. On the one hand, it could provide an efficient tool 
to tailor the particle trapping profiles and offer new possibilities for patterning. On the other 
hand, in some configurations of photovoltaic tweezers using high light intensities, both effects 
should appear simultaneously, and substantially affect the formation of the particle trapping 
patterns. However, no reports on the subject are available so far, except for some promising 
preliminary results on particle trapping [25]. Moreover, the combination of the two effects 
has been advantageously exploited for micro-droplet splitting in a recently reported work 
[26]. 
The purpose of this work is to investigate the viability of combining the PV and PY 
effects present in Fe doped LiNbO3 substrates for particle manipulation, characterizing their 
synergic interaction and potentialities, and determining the main parameters involved. To this 
end, a pyro-photovoltaic procedure for particle trapping and patterning has been developed 
first and then, it has been used to obtain a variety of nanoparticle patterns (see sections 4 and 
5). The role of different experimental parameters has been studied and the temperature range 
in which the PV and PY effects compete has been determined. Moreover, sections 6 and 7 
present two additional applications of the synergy of the two effects: a method to determine 
the magnitude of the PV field, taking advantage of its competition with the PY field and a 
synergic strategy to add PV and PY effects to get trapping patterns in samples developing low 
PV fields. 
2. Physical background 
The PV and PY effects in a ferroelectric crystal such as LiNbO3 are, both, a consequence of 
the polar structure of the crystalline lattice and are reasonably well understood [5,6,22,23]. 
The PV effect refers to the asymmetric excitation of electrons from certain impurities giving 
rise to an electric (photovoltaic) current along the polar axis (c-axis). Considering a z-cut 
crystal face the PV current density induced along the c-axis by a monochromatic illumination 
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where e is the electron charge, α the absorption coefficient, h the Plank constant, ν the light 
frequency, and lPV the PV drift length. Under open circuit conditions, a charge density σPV 
appears at the end z faces, and a bulk PV field, EPV = σPV/εε0, is generated where ε is the 
dielectric constant of the crystal. At steady-state conditions, the PV electric field, EPV, and its 
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n being the steady density of photo-excited electrons, γ the electron trapping coefficient, s the 
photoionization cross section, μ the electronic mobility, and [Fe3+] and [Fe2+] the 
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concentration of Fe+3 and Fe+2 respectively (obviously [Fe2+] + [Fe3+] = [Fe]). More details 
can be found in references [4,5]. 
On the other side, the PY response is related to the surface charge associated to the 
spontaneous polarization Ps, σ = n·Ps, (where n is the unity vector normal to the crystal 
surface), which is usually compensated by external charges. After a sudden change ΔT in the 
sample temperature, the polarization undergoes a corresponding change and induces a 
uniform uncompensated surface charge. The difference in charge density (Δσ) creates an 
evanescent field that could trap nanoparticles. The expression for that pyroelectric charge 
density, σPY = Δσ, is given by: 
 PY S pc Tσ σ= Δ = ⋅Δ = Δn P  (4) 
cp = –4 × 10−9 CK−1cm−2 being the pyroelectric coefficient near room temperature, reported 
by Savage [27]. 
In this work, we combine the two effects (PVE and PYE) to generate trapping patterns of 
nanoparticles. For the analysis of our experiments an additive superposition of the two 
effects, will be assumed and so, the surface charge density σT and electric field is, just, the 
sum of those corresponding to each particular effect (coupling effects are ignored). This 
model is schematically represented in Fig. 1 for a negative [Fig. 1(a)] and a positive [Fig. 
1(b)] crystal temperature variation and considering the + z crystal surface (see the inset in Fig. 
1). This additive approximation to the problem is well adapted to the experimental procedure 
used in this paper (see section 3). However, in other possible experimental cases when light 
induces heating and so, PYE simultaneously to PVE, more complex models involving 
coupling between the two effects would be probably required, but this analysis is beyond the 
scope of this work. 
 
Fig. 1. Schematics of the surface charge induced in the substrate + z face (see inset) by the 
PVE (left), PYE (center) and both of them (right) for (a) ΔT<0 °C, and (b) ΔT>0 °C. 
Anyhow, for particle trapping applications the relevant point is the extension of those 
fields along the outside space close to the sample surface. The value of these edge fields, 
called evanescent fields along this work, is governed by the electromagnetic boundary 
conditions, as described in [5]. The trapping action of the overall field on neutral (non-
charged) particles is determined by the associated dielectrophoretic forces [5,8], 
 ( )DEP = −∇ − ⋅f p E  (5) 
p being the dipolar momentum of the particle induced by the evanescent electric field E = EPY 
+ EPV, assuming additivity of the two fields. 
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3. Experimental methods 
To perform the experiments three z-cut LiNbO3:Fe crystals, purchased from Hangzhou 
Freqcontrol Electronic Technology Ltd., with two different doping levels have been used, as 
specified in Table 1. There, it is also indicated the Fe2+ concentration, [Fe2+], obtained from 
the measured absorption coefficient α as [Fe2+] = α/s, where s = 4.55 × 10−18 cm2 is the 
photoionization cross section, reported by Kurz et al. [28] for the absorption band of Fe2+ in 
LiNbO3. The particles used are silver spherical nanoparticles, with an average diameter of 100 
nm, bought to Skyspring Nanomaterials Inc.. 
Table 1. Parameters related to the iron impurity for LiNbO3 substrates used in the 
experiments. 
sample [Fe] cm−3 [Fe2+] cm−3 [Fe3+] cm−3 
1 4.25 × 1019 4.7 × 1018 3.8 × 1019 
2 4.25 × 1019 7.2 × 1018 3.5 × 1019 
3 1.2 × 1019 2.9 × 1018 9.0 × 1018 
 
Fig. 2. (a) Optical setup used to illuminate the sample (first step): P1 and P2 are linear 
polarizers; SF is a spatial filter; L1 and L2 are lenses; M1, M2 and M3 are plane mirrors, and 
PSLM is a reflection phase spatial light modulator. (b) In the second step the sample, at a 
temperature T1, is immersed in the suspension of the Ag nanoparticle kept at a temperature T2 
during 30 seconds in absence of any illumination. 
A typical procedure for PV nanoparticle patterning on the active substrate includes two 
steps. First, the crystal sample is illuminated at a temperature T1 with a certain light pattern to 
induce PV electric fields [see Fig. 2(a)]. Next, in the absence of illumination, the crystal is 
immersed during about 30 s in a non-polar liquid suspension of the particles kept at a 
temperature T2 [Fig. 2(b)]. In this second step, the particles deposit under the action of the 
total dielectrophoretic forces. Thus, the crystal temperature experiences a change ΔT = T2–T1 
during immersion and so, a PY field is induced, in addition to the previously established by 
illumination (first step). For comparison, in some case, we will use only PV trapping by 
keeping the particle suspension at the same temperature T1 as during the first stage. 
The crystal is illuminated by light profiles provided by a spatial light modulator 
(HOLOEYE, LC-R1080). Light comes from a frequency doubled Nd:YAG laser operating at 
532 nm, with typical intensities in the range 1-10 mW/cm2. The particle suspension is 
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obtained by introducing 0.05 g/l of the Ag nanoparticles in heptane and then sonicated to 
assure an homogeneous distribution of particles. Finally, the crystal and suspension 
temperatures are measured by an infrared digital thermometer (Lutron, model TM-939). 
4. PV and PY effects competition for particle patterning 
The designed strategy consists in combining the PV and PY effects to find a final field profile 
that might provide an advantageous configuration for particle trapping and patterning. As 
stated above, during illumination a patterned PV electric field is produced. In the second step, 
a spatially homogeneous PY field is induced by cooling the sample inside the particle 
suspension. During this second stage, the suspended particles undergo the electric PV + PY 
fields and deposit on the sample surface. When the suspension is at lower temperature, the PV 
and PY surface charges have opposite sign, giving rise to a competition between both effects. 
To illustrate this competition and to investigate the ability of the pyro-photovoltaic method to 
obtain particle patterns we have developed a series of experiments using sample 1 with the 
same illumination fringe pattern, similar to the one that appears in the scheme of Fig. 2(a). 
The fringe period was Λ = 300 µm, the average light intensity 1.6 mW/cm2 and the 
illumination time 10 minutes. The initial temperature T1 of the sample just before immersion 
ranges between 22 and 28°C. The temperature decrease of the nanoparticle suspension with 
regard to the sample was in the range 0 to 20 °C. Hence, the illumination, and therefore the 
PV effect, is constant in all the set of experiments in this section but the PY contribution is 
changing. The results are shown in Fig. 3, where photographs of the obtained nanoparticle 
patterns are shown for ΔT = 0 °C (for reference with only PVE), –5 °C, –8 °C, –10 °C, –15 
°C and –20 °C [Figs. 3(a)-3(f), respectively]. The results of the experiment can be more 
quantitatively appreciated by the corresponding average particle density profiles, obtained 
from the images, that appear on the right of each figure. 
In Fig. 3(a), with ΔT = 0 °C, it is observed the typical PV-induced nanoparticle pattern for 
z-cut, i.e. a replica of the light pattern [13]. In Fig. 3(b), with ΔT = –5 °C, we can see a pattern 
presenting a double periodicity, i.e. additional particle fringes that arise in the middle of the 
dark regions of the light pattern. This can be even better observed in the corresponding 
particle density profile. The relative density of the PV fringes diminishes for ΔT = –8 °C [Fig. 
3(c)] and disappears in Fig. 3(d), with ΔT = –10 °C, where the PY effect is high enough to 
fully compensate the PV-induced charge and so, particles deposit only in the dark regions. 
For the last two photographs associated to ΔT = –15 °C and –20 °C, respectively, a 
background of particles adds to the patterned component reducing the visibility of the 
structure. In Fig. 3(e) the fringes are still visible but become undistinguishable in Fig. 3(f). 
The results can be explained qualitatively by the proposed additive model for ΔT<0 
schematically represented in Fig. 1(a). In the first step, the light induces a negative surface 
charge density (only PV-induced) in the illuminated regions producing particle trapping. This 
is the case of the pattern of Fig. 3(a), taken as reference. Second, the PY effect adds a 
continue background of positive surface charge density whose level is linear with ΔT. The 
particles undergo DEP forces associated to the electric field generated by the total net charge. 
Two situations can be distinguished for the patterns of Fig. (3): i) When |σPY|<|σPV| [Figs. 3(b) 
and 3(c)], there are alternating positive and negative surface charge regions. Then, a new 
fringe appears between the PV fringes because DEP forces are independent of the sign of the 
charge that generates the field, and particles are attracted to fringes with positive PY and 
negative PV charge density. ii) When |σPY|>|σPV|, and consequently the σT is always positive. 
Then, only fringes in non-illuminated regions appear over a background of particles [Figs. 
3(e) and 3(f)]. Finally, Fig. 3(d) shows the transition between the two cases that is 
characterized for an exact compensation between surface charges of the two signs: |σPY| = |σPV| 
in the illuminated zones. Hence, the corresponding PV and PY fields are also equal. In this 
case, a “negative” of the light pattern is obtained, i.e., particle trapping only occurs in the dark 
regions. This case will play a key role in the novel method proposed in section 6 to measure 
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the photovoltaic field in z-cut samples. Moreover, from the results, we have determined the 
experimental range of ΔT (5-20 °C), very accessible in practice, in which the two effects 
compete effectively in the sample. 
 
Fig. 3. Photographs of Ag NP patterns deposited on the + c sample surface after illumination 
with a fringe light pattern (green fringes on the right side of the figure) at different temperature 
change: (a) ΔT = 0 °C, (b) ΔT = –5 °C, (c) ΔT = –8 °C (d) ΔT = –10 °C, (e) ΔT = –15 °C, (f) 
ΔT = –20 °C. The exposition time is 10 minutes and the light pattern intensity is 1.6 mW/cm2. 
On the right of each figure, the corresponding particle density profiles are shown (see text). 
The fringes have a spatial periodicity of 300 µm. 
5. Arbitrary 2D patterns 
In order to confirm the previous results and to further visualize the combined effect of the PY 
and PV contributions, the method has been applied keeping the same experimental 
parameters, light intensity, exposition time, particle suspension and ΔT = –10 °C, but 
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illuminating with a more complex light pattern, consisting in an arbitrary 2D image. For 
reference, a particle pattern using only the PVE is also shown in Fig. 4(a) whereas Fig. 4(b) 
shows the corresponding patterns using the combination of PV and PY effects. 
The pyro-photovoltaic pattern for ΔT = –10 °C shown in Fig. 4(b) is again a “negative” 
version of the PV pattern [Fig. 4(a)]. In other words, as it can be expected from the simple 
model explained above, a “negative” pattern is also obtained for ΔT = –10 °C regardless the 
shape of the light pattern used as far as the exposition time, light intensity and ΔT are 
unaltered. 
 
Fig. 4. Photographs of Ag NP patterns deposited on the + z surface with an arbitrary light 
pattern at (a) ΔT = 0 °C, (b) ΔT = –10 °C (corresponding to a negative pattern). The exposition 
time was 10 minutes and the light pattern intensity was 1.6 mW/cm2. 
In the next sections, we will report additional applications for the synergy of the PVE and 
PYE based in the particle patterning experiments. 
6. Measurement method of the PV evanescent field 
The results on the competition of the PY and PV effects, has allowed designing a convenient 
experimental method to determine the value of the PV evanescent electric field acting on 
particles. This is a key operation parameter for photovoltaic tweezers for particle trapping on 
z-cut crystals not well characterized so far. 
The method to determine this electric field is directly based on the generation of a 
negative particle pattern with regard to the purely photovoltaic pattern. For this negative 
pattern the PV-induced surface charge density in the illuminated regions compensates exactly 
the pyroelectric surface charge density: |σPV| = |σPY| = cpΔT. Note that internal compensation 
of PY charge by dark conductivity [29] can be neglected because the corresponding time 
constant [30] is around 103 s, much greater than the times involved in our experiments. Using 
simple electrostatic relations, the evanescent photovoltaic field at distances much smaller than 
the size of the illuminated areas can be obtained as: 
 








= = =  (6) 
where ε is the static dielectric constant of the heptane (ε = εhep = 1.9) [31]. Therefore, the key 
point of the method is to determine the temperature variation ΔT for which a negative pattern 
of the PV pattern is obtained. Using the value already mentioned for the pyroelectric 
coefficient reported by Savage (–4 × 10−9 CK−1cm−2) [27] and ΔT = –10 °C (that generates a 
negative pattern in sample 1 with exposure time t = 10 min), a photovoltaic field value EPV = 
1.2 × 105 V/cm. 
Moreover, keeping a constant intensity it is possible to measure the time kinetics for the 
generation of the PV electric field by determining, for each exposure time t, the ΔT needed to 
obtain the negative pattern, i.e., to reach a PY evanescent field that equals in absolute value 
the EPV field. The results for sample 2 are shown in Fig. 5. Here, for each recording time the 
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temperature difference to obtain a negative pattern (right axis), and the corresponding EPV 
value outside but very close to the sample surface (left axis) are plotted. The inset illustrates 
one example of a “negative pattern” corresponding to the EPV value indicated in the figure. 
Note that for the same exposure time, t = 10 min, the obtained value for EPV for this sample is 
similar to the one previously obtained for sample 1. 
The solid line is a single exponential fit to the experimental points given by: 
 ( )1 tsatPVE E e τ−= −  (7) 
From the fitting a saturation electric field Esat = (2.5 ± 0.1) × 105 V/cm, and a time 
constant of τ = 11 ± 1 min, are obtained. The temperature difference corresponding to this Esat 
field, i.e. the one that provides |σPV| = |σPY|, is ΔΤ = –21 ± 0.5 °C. 
 
Fig. 5. Temperature difference (right axis) to obtain a negative pattern and (left axis) edge PV 
field closed to the crystal as a function of the light exposure time (see text). The light intensity 
used in the experiments is 1.6 mW/cm2. The inset image is a representative negative pattern 
corresponding to the indicated point. The solid line is an exponential fit to the data and the 
dashed red line represent the threshold value. 
It worthwhile remarking that, for a rather small temperature difference (in the range of 5-
21 °C), the pyroelectric effect compensates the bulk photovoltaic effect indicating an 
effective competition of both phenomena. Moreover, the saturating PV fields are really large, 
about 250 KV/cm, assuring a very effective particle trapping. Note that evanescent fields are 
in this case even larger than bulk fields in a factor εLN/εhep = 15, where εLN and εhep are the 
dielectric constant of lithium niobate and heptane, respectively. 
Finally, it has not been possible to obtain PV particle patterns for time exposures lower 
than 3 minutes corresponding to EPV ≤6 × 104 V/cm. This suggests that this PV field value is a 
threshold field, Eth, for z-cut particle patterning by DEP forces. Since the PV field inside the 
crystal, and so, the evanescent PV field is proportional to [Fe3+] [see Eq. (2)] the field 
threshold implies a corresponding threshold for [Fe3+] and roughly, for the iron doping 
concentration that is usually, only slightly higher (see values in Table 1). Taking into account 
the Esat/Eth≈4 and the Fe concentration of this sample, one obtains a threshold concentration 
[Fe]th ≈1019 cm−3. Note, that this threshold probably has some dependence on the kind of 
particle though its electronic polarizability. 
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Table 2. Impurity concentration and PV parameters of sample 3. 
[Fe] cm−3 [Fe2+] cm−3 [Fe3+] cm−3 Esat V/cm τ* s 
1.2 × 1019 2.9 × 1018 9.0 × 1018 5.4 × 104 376 
*For I = 1.6 mW/cm2. 
To further investigate this important point, we have carried out a patterning experiment in 
sample 3, whose iron doping is close to the threshold concentration (see Table 2). The 
illumination fringe pattern and light intensity is the same as in Fig. 3 (Λ = 300 µm, I = 1.6 
mW/cm2). The time exposure was 15 min to reach the saturation field Esat. As it can be seen 
in Fig. 6(a), no particle pattern can be distinguished in the photograph, although the particle 
density average profile shows an incipient particle structuration. Therefore, the obtained 
result, using a different sample with a doping level roughly coinciding with the iron 
concentration threshold, is a further confirmation of the existence of a threshold value in the 
PV field and in the iron concentration for DEP trapping and patterning in z-cut samples. 
7. Pyroelectric activation of substrates with insufficient iron doping 
The results of the previous section indicate that photovoltaic tweezers, operating with z-cut 
substrates, require high iron doping, unusual for available commercial LiNbO3:Fe crystals. In 
this section, we have investigated the viability of adding the PY and PV effects to achieve 
particle patterning for samples under the threshold Fe concentration. To this end, we have 
experimented with sample 3, with a concentration just below the threshold for which no 
patterning was obtained with only PVE [see Fig. 6(a)]. The pyro-photovoltaic experimental 
method has been applied by heating the sample (instead of cooling) in the particle suspension. 
This way, a PY-induced spatially constant surface charge density of the same sign is added to 
the PV-surface charge density enhancing the total electric field. Successful results have been 
obtained using the same light pattern as in previous Fig. 6(a), but now applying temperature 
changes as low as ΔT = + 1 °C or + 2 °C. Note that according to Fig. 5 a temperature 
variation of one degree generates an EPY of about 12 kV/cm. In Fig. 6(b), a representative 
result with ΔT = + 1 °C is shown. Either in the photograph and in the particle density profile a 
particle pattern is now clearly visible. 
 
Fig. 6. Photographs of Ag NP patterns deposited on the + c surface of sample 3 using a fringe 
light pattern (green fringes) at different temperature changes: (a) ΔT = 0 °C, (b) ΔT = + 1 °C. 
The exposition time is 15 minutes and the light pattern intensity is 1.6 mW/cm2. On the right 
of each figure, the corresponding particle density profiles are shown (see text). The fringes 
have a periodicity of 300 µm. 
8. Discussion and conclusions 
The results of this work demonstrate, for the first time to our knowledge, the viability of 
combining the PVE and PYE present in LiNbO3:Fe for optoelectronic particle manipulation. 
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The proposed experimental method is a slight modification of a procedure commonly used 
with PV optoelectronic tweezers [5,32]. In this sense, the additional activation of the PYE 
extends the possibilities and versatility of that powerful technique with a little experimental 
change. 
LiNbO3:Fe has resulted an excellent material for this combination, due to the high value 
of both effects, PVE and PYE, around room temperature. In fact, one relevant outcome of the 
work is the range of ΔT with efficient competition of both effects (1-25 °C) that is very 
accessible for experiments. We have found different particle trapping possibilities by tuning 
the temperature change ΔT: from a positive pattern to its negative version, passing, for 
intermediate ΔT, through particle structures with a double spatial frequency. The results 
obtained are reasonably consistent with an additive behavior for the PV and PY effects. It is 
worthwhile remarking that the hybrid technique presents a main physical difference with 
regard the purely PV method. In the latter case, only charge of a sign is generated in each 
sample surface whereas in the hybrid case, there are regions with charge of the two signs that 
can be tailor through the light exposure time and the temperature variation. 
Moreover, the pyro-photovoltaic technique provides very relevant information for the PV 
tweezers in z-cut. The detailed analysis of PV + PY trapping results has suggested a simple 
method for the determination of the photovoltaic evanescent electric field value. This 
measurement was a difficult task when using standard optical or electrical techniques. In fact, 
only a very recent paper has attempted another indirect, and apparently more complicated 
strategy, to measure PV fields in z-cut samples, based in the orientation of liquid crystals [33]. 
It is worthwhile noting that our method needs to know the value of the pyroelectric 
coefficient [see Eq. (6)]. In this work, the value reported by Savage [27], which is a classical 
reference for lithium niobate has been used. However, to assure highly accurate values for the 
PV fields, it would be appropriate to directly measure the pyroelectric coefficient in the same 
sample used for the PV experiments. 
Our method has allowed to obtain the kinetics of the generation of the PV evanescent field 
and, in particular, to measure the saturation EPV value that, for strongly doped crystals, could 
reach values as high as 2.5 × 105 V/cm. A second consequence of these measurements has 
been to determine a minimum EPV value for effective particle manipulation, that in our 
experimental conditions is 6 × 104 V/cm. This EPV threshold implies, in turn, that strongly 
iron doped crystals ([Fe]th ≥1019 cm−3) are required for PV tweezer operation. This fact is 
probably the reason why other authors reported [12,14] that DEP trapping in z-cut crystals is 
not possible. The last remark inferred from these results is that, due to the large PY fields 
generated by small temperature changes of 1-2 °C, when operating with PV tweezers, the 
control of the substrate and particle suspension temperatures should be very critical to avoid 
undesired PY contributions. 
Finally, if the PV electric field is below but near to the threshold, the photo-pyroelectric 
method could be still used for effective trapping. The combination of both effects allows to 
trap and structure nanoparticles according to the illumination pattern. 
In summary, the proposed photo-pyroelectric method has demonstrated efficient particle 
manipulation, showing that a variety of interesting modifications of the trapping patterns can 
be achieved, that may offer novel and versatile possibilities for trapping and patterning. 
Additionally, the combination of both effects allows the determination of relevant parameters 
for the control and optimization of photovoltaic optoelectronic tweezers and other 
applications of the photovoltaic effect such as liquid crystal orientation [34,35] or all-optical 
control of graphene charge transport [36]. 
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